ABSTRACT: The essential oils from needles, berries, wood and roots of Juniperus communis L. subsp. alpina were obtained by hydrodistillation, fractionated on column chromatography and analysed by GC, GC-MS and 13 C-NMR. Chemical compositions of wood and root oils are reported here for the first time. Eighty-two, 65, 76 and 54 components were identified, respectively, in needle, berry, wood and root oils. The chemical compositions of the essential oils from needles, berries and wood were characterized by a high proportion of monoterpene hydrocarbons. Root oil exhibited a quite different composition. Sesquiterpenes, especially those bearing a tricyclic skeleton (cedrane and longifolane), constituted the main fraction while monoterpenes were present at very low contents.
Introduction
The genus Juniperus (Cupressaceae) consists of 68 species and 36 varieties growing principally in the northern hemisphere. The genus is divided into three sections: Caryocedrus (one species), Juniperus (= Oxycedrus, nine or 10 species) and Sabina (the remaining species).
The essential oils and/or extracts from needles, berries or wood of juniper have been the subject of several studies. 5 However, most studies have concerned J. communis subsp. communis. Only a few reports have dealt with the oils of J. communis subsp. alpina. They are summarized below (we conserved the synonym employed by the authors).
The first study on the chemical composition of J. communis subsp. alpina needle oil dates back to 1973 and reported an α-pinene rich oil from the UK. 6 The needle oil of J. sibirica from Mongolia also contained α-pinene as the major component (32-55%) and sabinene was present at appreciable contents (up to 14%). 7 A sample of needle oil of J. communis ssp nana from Turkey contained essentially sabinene (30.5%) and α-pinene (29.6%). 8 Six samples of J. sibirica from Italy exhibited a chemical variability: three samples contained a main constituent, α-pinene (44. .2%), two samples were characterized by α-pinene and sabinene (respectively, 18.7/37.3% and 13.4/18.8%), while the last sample exhibited a quite different composition with sabinene and terpinen-4-ol as the major constituents (respectively, 25.3 and 23.4%). 9 Four compositions have been distinguished for samples of needle oil of J. communis var saxatilis Pall. from Norway: α-pinene (82%), α-pinene/sabinene (47/22%), sabinene/α-pinene (41/22%) and α-pinene/ limonene (51/24%). 10, 11 The chemical composition of J. communis var nana Willd. needle oil from Bulgaria was also dominated by α-pinene (28.3-42.0%) while limonene was the second component (8.1-10.0%). 12 Recently Adams, 13 as part of a study on juniper belonging to the section Juniperus, reported the GC/MS analysis of two samples of needle oil of J. communis var. saxatilis from Switzerland and Mongolia. Sabinene (32.8%) and α-pinene (14.1%) were the main constituents of the first sample while α-pinene (58.2%) was the major component of the second.
1, 13 Cavaleiro analysed by GC-MS the needle oil of J. communis subsp. alpina from Portugal. 14 Almost all out of the 25 analysed samples exhibited α-pinene as major component, accompanied by sabinene, terpinen-4-ol or limonene. However, in a few samples, α-pinene and limonene had similar contents.
The chemical composition of the berry oil of J. communis subsp. alpina has been the subject of a few studies. In a sample from Spain, α-pinene (50.6%) was the major component accompanied by lower contents of limonene and myrcene (respectively 13.4 and 13.1%). 15 Six out of seven samples of J. communis subsp. alpina berry oil from Portugal contained α-pinene in large proportion (67.1-76.6%), while the last one was characterized by α-pinene (29.3%), γ-cadinene (10.3%), limonene (10.1%) and myrcene (8.6%).
14 A similar composition (α-pinene/sesquiterpenes) was reported for another sample from Portugal. 16 The present work deals with the composition of the essential oils hydrodistilled from needles, berries, wood and roots of Juniperus communis L. subsp. alpina from Corsica. The analysis was carried out by combination of CC, GC/RI, GC/ MS and 13 C-NMR spectroscopy. The chemical compositions of wood and root oils are reported here for the first time.
Experimental Plant material and extraction of essential oils
Plant material of J. communis L. subsp. alpina was collected from different bushes growing in the centre of Corsica (Vizzavona, altitude 1200 m). Essential oils were isolated by water distillation for 4 h (needles and berries), 5 h (wood) or 6 h (roots) from fresh material using a Clevenger-type apparatus. Berries were crashed and wood and roots cut into small pieces.
Chromatographic fractionation of essential oils

Needle oil
The oil (12 g) was first chromatographed on a silica gel column (200-500 µm) and two fractions (F1, F2) were eluted, respectively, with pentane and diethyl oxide. The fraction F2 was further chromatographed on silica gel (35-70 µm) and four sub-fractions (F2.1-F2.4) were eluted with mixtures of pentane/diethyl oxide of increasing polarity. Finally, fraction F2.4 was resubmitted to chromatography on silica gel (35-70 µm).
Berry oil
The total oil (6 g) was submitted to flash chromatography using pentane with increasing amounts of diethyl oxide (up to 100%) as eluent and four fractions (F1-F4) were obtained.
Wood oil
The oil (2 g) was first chromatographed on a silica gel column (200-500 µm) and two fractions (F1, F2) were eluted, respectively, with pentane and diethyl oxide. The fraction F1 was further chromatographed on AgNO 3 (15%) impregnated silica gel column (35-70 µm), leading to six sub-fractions (F1.1-F1.6) by elution with pentane. Fraction F2 was chromatographed on silica gel (35-70 µm) and four sub-fractions (F2.1-F2.4) were eluted with mixtures of pentane/diethyl oxide of increasing polarity.
Root oil
The crude oil (2 g) was first chromatographed on a silica gel column (200 -500 µm). Two fractions (F1, F2) were eluted, respectively, with pentane and diethyl oxide. Fraction F1 was rechromatographed on AgNO 3 (15%) impregnated silica gel column (35-70 µm) and eight subfractions (F1.1-F1.8) were eluted with pentane. Fraction F2 was rechromatographed on silica gel (35-70 µm), leading to seven sub-fractions (F2.1-F2.7) by elution with mixtures of pentane/diethyl oxide of increasing polarity.
Analytical GC
GC analysis was carried out with a Perkin-Elmer Autosystem apparatus equipped with two flame ionization detectors, and fused-silica capillary columns (50 m × 0.22 mm i.d., film thickness 0.25 µm), BP-1 (polydimethylsiloxane) and BP-20 (polyethyleneglycol). The oven temperature was programmed from 60 to 220°C at 2°C/min and then held isothermal (20 min). Injector temperature was 250°C (injection mode, split). The carrier gas was helium.
gas, helium, adjusted to a linear velocity of 30 cm/s; split ratio, 1:40; interface temperature, 250°C; MS source temperature, 230°C; MS quadrupole temperature, 150°C; ionization energy, 70 eV; ionization current, 60 µA; scan range, 35-350 u.
13
C-NMR analysis
All NMR spectra were recorded on a Bruker AC 200 Fourier transform spectrometer operating at 50.323 MHz for 13 C, equipped with a 10 mm (or 5 mm) probe, in CDCl 3 , with all shifts referred to internal TMS. 13 C-NMR spectra were recorded with the following parameters: pulse width (PW), 5 µs (or 3 µs) (flip angle 45°); acquisition time, 1.3 s for 32 K data table with a spectral width (SW) of 12 500 Hz (250 ppm); CPD mode decoupling; digital resolution, 0.763 Hz/point. In a typical procedure, 200 mg (or 70 mg) of the mixture (fraction of chromatography) were diluted in 2 ml (or 0.5 ml) of CDCl 3 . The number of accumulated scans ranged between 2000 and 10 000 for each sample, depending on the available amount of each fraction. Exponential line broadening multiplication (LB = 1 Hz) of the free induction decay (FID) was applied before Fourier transformation.
Identification of components
Identification of the individual components was based on: (i) comparison of their GC retention indices (RI) on apolar and polar columns, determined relative to the retention times of a series of n-alkanes with linear interpolation ('Target Compounds' software from PerkinElmer), with those of authentic compounds or literature data; (ii) computer matching with a laboratory-made mass spectral library and commercial libraries, 17, 18 and comparison of spectra with literature data; 19, 20 (iii) comparison of the signals in the 13 C-NMR spectra of all the fractions of chromatography with those of reference spectra compiled in the laboratory spectral library, with the help of a laboratory-made software. [21] [22] [23] A few constituents were identified by comparison of their spectral data (MS and/or 13 C-NMR) with those reported in the literature: (i) MS and 13 C-NMR, pmentha-1,8-dien-4-ol (37), 24 amorpha-4,11-diene (89), 19 γ-eudesmol (129), 25 manool (144) 26 and ferruginol (146); 27 (ii) MS, selina-4(15), 7(11)-diene (112); 19 iii) 13 C-NMR: α-campholenyl acetate (63), 28 longiborneol (121), 29 sesquithuriferol (120) 30 and juniper cedrol (119).
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Results
The distillation of J. communis L. subsp. alpina needles and berries yielded clear and lightly coloured oils while wood and root oils were more viscous and coloured. The essential oil yields, calculated from fresh material, were 0.9, 1.3, 0.2 and 0.1%, respectively, for needles, berries, wood and roots.
In order to obtain a detailed composition, each oil was fractionated on column chromatography (SiO 2 ) and all the fractions were analysed by GC, GC/ MS and 13 C-NMR. Indeed, fractionation of the oil followed by combined analysis of the fractions by GC/ MS and NMR has proved to be efficient for the analysis of particularly complex essential oils. [32] [33] [34] [35] The components identified in the needle, berry, wood and root oils of J. communis L. subsp. alpina are reported in Table 1 , together with their percentage, their ]undecan-9-ol. c eudesm-7(11)-en-4α-ol. retention indices on both BP-1 (apolar) and BP-20 (polar) columns and the mode of identification. Obviously, fractionation of the oils by column chromatography and analysis of the fractions by 13 C-NMR contributed greatly to the accurate identification of the individual components and particularly sesquiterpenes.
Essential oil from needles
Analysis of the needle oil, by combination of chromatographic (CC, GC/RI) and spectroscopic techniques (GC/MS and 13 C-NMR) led to the identification of 82 components (60 monoterpenes, 21 sesquiterpenes, one diterpene), which represented 96.8% of the total amount ( Table 1 ). The essential oil consisted chiefly of monoterpene hydrocarbons (79.1%) with limonene (30.9%), α-pinene (24.4%) and β-phellandrene (12.6%) as major components. Oxygenated monoterpenes (13.7%) were mostly represented by α-terpinyl acetate (6.0%) and α-terpineol (2.4%). The sesquiterpene fraction, which constituted 3.8% of the total amount, consisted mainly of bicyclic molecules bearing the bicyclo[4.4.0]decane skeleton such as δ-and γ-cadinene and τ-cadinol for the most important.
Essential oil from berries
The analysis of the essential oil from berries of J. communis L. subsp. alpina by CC, GC-RI, GC-MS and 13 C-NMR allowed the identification of 65 compounds which represented 95.3% of the whole oil (Table 1) . Monoterpene hydrocarbons constituted the main group of compounds (82.0%), especially limonene (49.3%) and α-pinene (22.1%). Among the sesquiterpenes (7.9%), germacrene-D (2.0%), δ-cadinene (1.2%) and β-elemene (1.1%) were the major constituents. Oxygenated monoterpenes (5.3%) were largely represented by α-terpinyl acetate while the other compounds were present at very low content, less than 0.4%.
Essential oil from wood
A number of 76 compounds were identified in the essential oil from wood of J. communis subsp. alpina, meaning 89.3% of the total oil (Table 1) . Monoterpene hydrocarbons (42.4%) constituted the main fraction of the investigated sample, followed by oxygenated monoterpenes (26.9%). Limonene (19.0%), α-terpinyl acetate (9.1%), β-phellandrene (8.9%), α-terpineol (8.4%) and α-pinene (7.5%) were the major constituents. In contrast with the needle and berry oils, the sesquiterpene fraction was present at an appreciable content (19.8%) and largely represented by oxygenated compounds such as (2E,6E)-farnesol (2.2%), α-cadinol (1.9%) and β-elemol (1.3%). The main sesquiterpene hydrocarbons were δ-cadinene (1.8%) and β-elemene (1.1%).
Essential oil from roots
In total, 54 constituents (nine monoterpenes, 42 sesquiterpenes and three diterpenes), meaning 84.4% of the total oil, were identified in the essential oil from roots of J. communis L. subsp. alpina (Table 1 ). The composition differed drastically from the former ones. Root oil was a sesquiterpene-rich oil (79.1%) while the identified monoterpene represented only 4.2% of the total oil. Among the oxygenated sesquiterpenes (52.5%), cedrol (37.7%) and longiborneol (8.2%) were the major constituents accompanied by lower contents of nootkatone (3.3%), 8-epi-cedrol (0.9%) and juniper camphor [eudesm-7(11)-en-4α-ol, 0.7%]. The sesquiterpene hydrocarbons were largely represented by longifolene (11.5%) and α-cedrene (6.7%) while β-cedrene, thujopsene and valencene accounted respectively for 1.4, 1.1 and 1.7%. The other compounds were present at contents lower than 0.5%.
Discussion
The compositions of the essential oils from needles, berries, wood and roots of J. communis L. subsp. alpina exhibited qualitative and/or quantitative differences. Monoterpene hydrocarbons constituted the main fraction of the needle, berry and wood oils. Although, limonene was the major constituent of the three oils, its content varied consequently from sample to sample: 30.9, 49.3 and 19.0%, respectively. Needle and berry oils differed by the content of limonene, which was by far the major component of the berry oil while the needle oil belonged to the limonene/α-pinene composition. The essential oil from wood is distinguishable from needle and berry oils by a more important sesquiterpene fraction, especially represented by alicyclic (2E,6E-farnesol), monocyclic (β-elemene, β-elemol) and bicyclic (δ-cadinene, α-cadinol, β-eudesmol) compounds. In contrast, the oil from roots exhibited a quite different composition. Sesquiterpenes, especially those bearing a bridged tricyclic skeleton (cedrane and longifolane), constituted the main fraction while monoterpenes were present at very low contents.
Compared with the chemical compositions of J. communis subsp. alpina needle oils reported in the literature, we observe that the needle oil from Corsica, dominated by limonene, is original. Indeed, several compositions have been reported for J. communis subsp. alpina needle oil: (i) α-pinene was by far the major component of oils from England (93%), 6 Norway (82%), pinene and sabinene were the main components of samples from Norway (47 and 22%), 10 Mongolia (32-55 and up to 14%), 7 Turkey (30.5 and 29.6%) 8 and Italy (18.7-37.3 and 13.4 -18.8%); 9 (iii) sabinene and α-pinene were also the major constituents of samples from Norway (41 and 22%) 10 and Switzerland (32.8 and 14.1%); 1,13 (iv) sabinene and terpinen-4-ol (25.3 and 23.4%) dominated the composition of one sample from Italy; 9 and finally (v) α-pinene and limonene were the main constituents of oils from Norway (51 and 24%) 10, 11 and Bulgaria (28.3-42.0 and 8.1-10.0%). 12 Several samples of oil of Portuguese origin belonged to this fifth group, characterized by the pre-eminence of α-pinene over limonene. 14 However, a few samples exhibited approximately equal amounts of limonene and α-pinene. The Corsican limonene-rich oil differed from all the J. communis subsp. alpina needle oil reported in the literature. It is distinguishable from Portuguese oils by an important contribution of monoterpene acetates, such as α-terpinyl acetate.
14 Conversely, sabinene and terpinen-4-ol, largely represented in samples from Portugal, were negligible in the Corsican oil. Otherwise, several compounds, such as α-campholenyl acetate, trans-carvyl acetate, (2E,6E)-farnesal and manool, have been identified for the first time as constituents of J. communis L. subsp. alpina needle oil.
The composition of Corsican J. communis subsp. alpina berry oil, characterized by a high content of limonene (49.3%), which is by far the major component, differed from all other reported compositions from the Iberian peninsula. Indeed, α-pinene was the main constituent of the Spanish (50.6%) and Portuguese (67.1-76.6 and 29.3%) investigated oils, while limonene never exceeded 13.4%. 14, 15 To our knowledge, the chemical composition of the essential oils from wood and roots of the 'mountain juniper' is reported here for the first time. Nevertheless, it appears that the volatile constituents of wood oil of J. communis subsp. alpina, a monoterpene-rich oil, differed drastically from those of J. communis L. wood oil from southeast of France, 36 characterized by high contents of thujopsene (42.4%). They also differed from those of a wood extract of J. chinensis. 31 The results presented here confirmed the variability of the needle and berry oils of J. communis subsp. alpina. The Corsican 'mountain juniper' needle and berry oils exhibited an unusual composition, dominated by limonene. The compositions of wood and root oils, reported for the first time, are characterized, respectively, by a high content of limonene and appreciable contents of sesquiterpenes for the former and by the pre-eminence of bridged tricyclic sesquiterpene alcohols for the later.
In this study, the combined analysis by GC/MS and 13 C-NMR appeared particularly preferable. For instance, the structure of some components such as myrtanyl acetates and piperitols was proposed by computer matching with mass spectra libraries. The stereochemistry of each stereoisomer was ensured by comparison of the 13 C-NMR spectra with those of authentic samples prepared by acetylation of myrtanols or reduction of piperitone. The information provided by 13 C-NMR was also useful for the identification of stereoisomers, such as cedrenes and funebrenes, α-and β-humulenes, trans-and ciscalamenenes, or sesquiterpene hydrocarbons, which co-elute on both columns, for instance α-selinene and α-muurolene or β-himachalene (co-elution with β-bisabolene and β-curcumene on apolar column and with valencene on polar column).
